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OPTICAL 6D MEASUREMENT SYSTEM 
WITH TWO FAN SHAPED BEAMS 
ROTATING AROUND ONE AXIS 

BACKGROUND OF THE INVENTION 

This invention relates to the determination of the six 
spatial parameters position (x, y, z) and orientation (\y, 9, o) 
of an object relative to a ?xed reference point. The invention 
has applications in the ?elds of medicine, robotics, ?re 
control systems, remote control applications, and virtual 
reality systems. 

In particular, the device is designed for measuring posi 
tion and orientation in six degrees of freedom, namely 
motion or translation in three coordinate directions 
(location), and rotational motion about three coordinate axes 
(orientation), location being commonly de?ned as a set of x, 
y, and 2. linear coordinates referring to three mutually 
perpendicular directions (axes) and orientation being com 
monly de?ned as pitch, roll and azimuth angular coordinates 
about three mutually perpendicular axes usually coincident 
with three mutually perpendicular directions. 

Prior art spatial position and orientation measurement 
equipment rely on either optical or electromagnetic tech 
niques to determine spatial coordinates. The optical schemes 
often rely on a complex scheme of multiple scanners, in 

_ conjunction with re?ectors and' photosensors to function 
Properly 

Several U.S. Patents disclose subject matter of general 
background interest to the present invention: 

1) U.S. Pat. No. 3,375,375 to Abbey et a1. discloses the 
use of two rotating scanners generating optical fan 
shaped beams as well as sensors attached to the object 
to be measured, speci?cally a pilot’helmet. This two 
scanner system is necessary merely to compute the 
line-of-sight (LOS) to the pilot’s helmet, and otfers no 
method to determine the position or orientation of the 
pilot's helmet. 

2) U.S. Pat. No. 4,818,107 to Ono et al. discloses a system 
for measuring the position of a moving body. The 
system utilizes two ?xed scanning laser beams with 
separate origins and three photodetectors on the mov 
ing body. The system uses triangulation and measures 
only the position (x,y,z) and the attitude angle but fails 
to measure both the position and orientation in six 
dimensions. 

3) U.S. Pat. No. 4,896,962 to Menu et al. discloses a 
system for determining the spatial location and the 
line-of-sight of a person wearing a helmet. The system 
utilizes at least four LEDs placed on the helmet and a 
?xed two-dimensional array of photoelectric elements. 
A spherical lens is placed in front of the detector in 
order to focus the light from the LEDs onto the detec 
tor. The work area of this system is limited to the 
coverage of the lens. In contrast, the present invention 
has a 360 degree work area due to the rotation of the 
beams. The present invention utilizes rotary fan-shaped 
light beams and movable photo detectors. The present 
invention utilizes time measurements and overcomes 
problems with ambient light sources and positional 
errors with CCDs in order to achieve higher accuracies. 

4) U.S. Pat. No. 4,911,548 to Keren-Gill discloses a 
system that employs multiple scanners for the origina 
tion of multiple fan-shaped optical beams. The scan 
ning mechanism is extremely complicated and 
cumbersome, and requires precise synchronization 
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2 
between the scanners in order to maintain measurement 
accuracy. The Keren-Gill system does not measure the 
six position and orientation coordinates measured by 
the present invention. 

5) U.S. Pat. No. 5,128,794 to Mocker et al. discloses a 
system for measuring the helmet mounted sight of a 
pilot. The system utilizes at least two laser scanning 
units with different origin. The system utilizes at least 
two motors and further utilizes passive re?ective mark 
ers on the pilot. Mocker et a1. only measure the pilot’s 
line-of-sight and do not measure both the position and 
orientation in six dimensions. 

6) U.S. Pat. No. 5,208,641 to Mocker et a1. discloses a 
system for also measuring the helmet mounted sight of 
a pilot. The system utilizes a laser cavity and at least 
three laser detectors. The system further utilizes pas 
sive re?ective markers on the pilot but only measures 
the pilot’s line-of-sight and not the position and orien 
tation in six dimensions. 

Prior optical systems are also subject to interference from 
extraneous sources such as ambient light or electrical 
sources and, as such, are prone to error, or, at minimum, 
severe limitations in system ?exibility and ease of operation. 

Prior art optical positioning systems clearly demonstrate 
the need for a more compact measuring system that offers 
greater accuracy. The need for such a system was the 
impetus for the development of the invention described 
herein. 

SUMMARY OF THE INVENTION 

Accordingly, it is an object of the present invention to 
provide an optical 6D measurement system with two fan 
shaped beams rotating around one axis. 

According to a broad aspect of this invention, there is 
provided a technique of determining the spatial coordinates 
of an object consisting of the following aspects: 

1) Generation of only two modulated optical radiation 
beams; the rotational displacement of these beams with 
respect to the object being de?ned in a manner that 
knowledge of the time and placement of beam inter 
section with the object will permit calculation of the 
object’spatial coordinates in six degrees of freedom. 

The invention is based on the simple premise that if the 
angular velocity of the optical beams is known, then the 
angle that is swept in a time interval At is calculated by the 
relationship given in Equation 1. 

1u=mAt Equation 1 

2) Utilization of only two fan-shaped beams, with estab 
lished spacing and angular orientation, facilitates the 
resolution of the three spatial coordinates of an object 
with respect to a ?xed reference point by reducing the 
problem to the use of triangulation to determine the 
coordinates (x,y,z). 

The present invention includes a technique for the deter 
mination of the distance and orientation of an object from a 
?xed reference point when the object is irradiated by only 
two modulated scanning beams of known angular 
orientation, and rotational frequency, 0). Timing circuitry 
located in the control processor determines the time interval 
At between successive interceptions of the object by each of 
the two beams. Knowledge of this time interval and the 
scanning beams’ relative positions and angular orientations 
permits calculation of the object’s spatial coordinates. 

3) The optical beams utilized in this invention are fan 
shaped in cross-section. Use of the fan-shaped beams, 



5,742,394 
3 

rather than narrowly focused beams facilitates angular 
measurements made outside the plane of the transmit 
ter. 

4) As one would anticipate, the measurement accuracy of 
the device is a direct function of the stability of the 
scanning transmitter and the accuracy with which the 
timing intervals can be measured. This invention 
employs techniques to ensure transmitter scanning 
stability, as well as unique timing measurement tech 
niques to achieve accurate spatial coordinate measure 
ments. 

5) The system employs a receiver located on the object 
whose position is to be measured relative to the scan 
ning transmitter. The receiver makes use of optically 
sensitive devices which respond to the radiation spec 
trum of the transmitted beams. The optical devices 
generate a voltage signal proportional to the incident 
optical energy, which is ampli?ed and manipulated by 
the control processor to accurately determine the pre 
cise time that an optical beam impinged on a particular 
sensor. Knowledge of the precise time interval is then 
used to calculate the angle through the fundamental 
relationship as given in Equation 1. 

6) The scanning transmitter generates two modulated 
optical beams, the ?rst beam plane includes the center 
of the rotation cylinder, while the second beam is 
skewed at an angle of [5 relative to the other beam. 
Spatial and hence temporal synchronism between the 
beams is inherent in the scanning transmitter mecha 
nism due to the fact that both beams are generated 
simultaneously by a single scan generator, with a 
common point of origin. Use of a single transmitter 
obviates potential problems inherent with other pro 
posed inventions that rely on an individual scanner for 
the generation of each beam, and, as such, have strin 
gent system requirements on the positional stability, 
frequency and phase synchronization between the scan 
ners. 

Accordingly, it is a ?rst object of the present invention to 
provide a system and method for determination of the 
position and orientation of an object in six degrees of 
freedom. 

It is a further object of the present invention to provide 
such a system and method employing a scanning transmitter 
that emits two beams of light. 

It is a still further object of the present invention to 
provide such a system and method wherein two beams of 
light are emitted with the ?rst beam including the center of 
the cylinder being rotated and with the second beam skewed 
with respect thereto. 

It is a yet furtha' object of the present invention to provide 
such a system and method including a receiver having six 
sensors in a prescribed non-coplanar pattern. 
These and other objects, aspects and features of the 

present invention will be better understood from the follow 
ing detailed description of the preferred embodiments when 
read in conjunction with the appended drawing ?gures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows a schematic representation of a ?rst embodi 
ment of the present invention wherein the receiver sensor 
assembly is scanned by the scanning transmitter with coor 
dinate system and pitch, roll and yaw de?nitions for the 
sensor plane de?ned 

FIG. 2 shows a block diagram of the three axis optical 
measurement system of FIG. 1, showing all major 
component parts. 
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4 
FIG. 3 shows a schematic diagram of the elements of the 

receiver sensor assembly thereof. 
FIG. 4 shows the component parts of the scanning trans 

mitter assembly thereof. 
FIG. 5 shows a diagram of the preferred optical assembly 

of the scanner thereof, depicting the pyramid beam splitter 
and two thin glass rod lenses designed to split the incoming 
IR energy generated by the laser diode to form the two 
fan-shaped IR beams. 

FIG. 6 shows a schematic block diagram of the control 
processor thereof. 

FIG. 7 shows a timing diagram thereof depicting the 
modulated optical signal seen at the output of the PlN diode 
sensor assembly, the demodulated, low-pass ?ltered signal, 
comparator output and the timing measurements used to 
determine the precise point that the modulated optical beam 
intercepts the center of a particular optical sensor. 

FIG. 8 shows the geometry of the system with the scanner 
and its two optical beam patterns, and the receiver assembly 
with its four sensors. 

FIGS. 9A, 9B, 9C and 9D show front, top, rear, and 
perspective views, respectively, of an alternative receiver 
assembly with six sensors. 

FIG. 10 shows a diagram explaining how to de?ne the 
angle between the x-axis and the ?rst sensor. 

FIG. 11 shows the geometry for determination of the 
intersection line between the two light beams when each 
beam crosses the ?rst sensor. 

FIG. 12 shows the geometry for determination of receiver 
orientation. 

SPECIFIC DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Refening to FIG. 1, the inventive system is generally 
designated by the reference numeral 10 and the geometry of 
the optical system is depicted. The‘ transmitter means or 
scanning transmitter 11 emits two fan-shaped beams 1 and 
2. Beam 1 includes the center of the rotating cylinder 13. 
Beam 2 is skewed in relation to beam 1 at the angle B but 
is also placed on the rotating cylinder. The receiver or 
receiver assembly 19 consists of at least three sensors S1, S2 
and S3 arranged in a triangular pattern as shown. A fourth 
sensor S4, placed in a di?‘erent plane than the three other 
sensors, is included here in order to solve any ambiguity. 
The fourth sensor is only needed if the inherent ambiguities 
cannot be solved in any other manner. See under calculations 
below. The system 10 measures the position of each of the 
sensors and then calculates the receiver assembly position 
and orientation. 

FIG. 2 shows, schematically, a block diagram of the 
measurement system that is the basis of this invention. The 
principal component parts of the system are the scanning 
transmitter 11, the receiver sensor assembly 19, and the 
computer means or control processor 20. The processor 20 
supplies synchronization timing, laser diode modulation, 
and DC voltages to the scanning transmitter 11. The control 
processor 20 also generates a low noise DC bias voltage that 
powers the receiver sensor assembly 19, and receives, via 
the connection means shown, the four optical sensor outputs 
generated by the receiver 19. Finally, the control processor 
20 performs all signal processing and coordinate determi 
nation to the host computer or microprocessor 23.v 

FIG. 3 shows, schematically, a block diagram of the 
receiver sensor assembly. The receiver sensor consists of 
four PIN photodiodes 25, 27, 28 and 29, with the photo 



5,742,394 
5 

diodes 25, 27 and 29 arranged in a triangular pattern, and 
with the photodiode 28 located between and above the 
photodiodes 25, 27 and 29 as shown in FIG. 8, mounted on 
a circuit card assembly. As explained herein, the system is 
designed to be operable using solely the photodiodes 25, 27 
and 29. As such, as shown in FIG. 3, the parallel circuit 
including photodiode 28 also includes an on-off switch that 
may be opened when the photodiode is not to be used. The 
photodiodes are also denoted as S1, S2, S3 and S4 in the 
diagram given in FIG. 3 and in FIG. 8. The PIN diodes serve 
to sense the modulated infrared (IR) energy generated by the 
scanning transmitter 11. Each diode is connected in reverse 
bias mode to a low noise ampli?er 31. Each ampli?er’s 
output is connected through a cable to the control processor 
unit for further ampli?cation and signal processing. Ampli 
?er and PIN diode bias voltages are connected to the 
receiver through the same cable. These bias voltages are 
derived from a separate low noise DC supply located in the 
control processor circuitry. 
The receiver sensor assembly utilizes three or four sensors 

arranged as described above in order for the system to obtain 
pitch, roll and azimuth (yaw) information. Each sensor, 
when scanned by the three beams generated by the scanning 
transmitter will output information which is processed by 
the control circuitry. The sensor signals allow determination 
of the x, y, and z coordinates for each sensor. This coordinate 
information permits determination of the object’s orienta 
tion. This process is discussed in more detail hereinafter. 

FIG. 4 shows, schematically, a block diagram of the 
scanning transmitter assembly 11. ‘The principal elements of 
the scanning transmitter assembly 11 are the laser diode 
modulator 35, the optical scanner/motor driver circuit, and 
the encoder circuitry 39. 
The source of light comprises a laser diode 41, preferably 

direct modulated at 9 MHz. Standard modulation techniques 
used by those familiar with the laser diode technology are 
employed in the laser diode driver 43. 
The scanner cylinder 37 is attached to drive means 

including the rotor 47 of a brushless DC motor 45 which 
drives the scanner. As a part of the scanner, there is an 
encoder grau'cule 49 attached to the lower circumference of 
the cylinder. The encoder graticule 49 has line pairs 51 
inscribed at 500 line pairs per inch, as well as a single, larger 
opaque non-re?ective “tick mark” 53 which generates the 
encoder reset pulse which occurs at once per scanner revo 

lution (90 Hz). 
It should be noted that the 90 Hz is a nominal scan rate, 

selected for the preferred embodiment, in order to obtain a 
speci?c data update rate. Any scan rate will permit the same 
calculations to be made, and will only a?’ect the data update 
rate of the object’s (x, y, z) coordinates. 
The speed of motor 45 is governed by motor control 

means which maintains the rotational speed at 90 Hz; no 
precise control is required. A photo-interrupter circuit 55 
senses the tick marks 51 on the encoder graticule as well as 
the reset pulse generating enoodm mark 53 and reset pulses. 
‘The reset pulse comprises speed controlling signals. The 
reference clock ?'equency is generated by the programmable 
logic device (PLD) in the electronics unit and is set at the 
nominal 90 Hz. 
The encoder graticule markings 51, 53 as well as the 

scannm' reset pulse (the “tick mark”) are detected by means 
of a light emitting diode (LED) 54 and phototransistor 56 
con?gured as a standard photo-interrupter 55. The -pho 
tou'ansistor 56 receives the LED energy during those por 
tions of the scanner revolution when the optical energy is 

20 

25 

30 

50 

55 

65 

6 
striking the re?ective portion of the encoder surface, causing 
the phototransistor to turn “ON” or conduct. During other 
portions of the scanner rotation, when the LED 54 is 
radiating against either an encoder line or the larger “tick 
mark”, no energy is re?ected to the phototransistor causing 
the device to be in the “OFF” or non-conducting state. The 
phototransistor’s output is connected to an operational 
ampli?er 59 gain stage. The operational ampli?er produces 
an ampli?ed voltage signal proportional to the phototrans 
istor’s collector current. The ampli?ed phototransistor out 
.put is then ?ltered and converted to a logic compatible signal 
with a voltage comparator. 

Since a single photo-interrupter 55 is used to sense both 
the reset (“tick”) mark and the encoder timing grating, it is 
?rst necessary to ?lter the photo-interrupter signal to sepa 
rate the encoder mark and reset signals. The encoder mark 
signal is derived from the photo-interrupter output by 
employing a second order high pass ?lter 61 to remove the 
low ?'equency reset pulse. The ?ltered signal is then applied 
to a high speed voltage comparator 63 which generates a 
'I'I'L logic compatible encoder mark signal comprising an 
indicator signal indicative of rotative position of the motor 
drive shaft. The raw photo-interrupter signal is also applied 
to a voltage comparator 65. The encoder mark signal and the 
raw signal outputs are logically combined using the com 
parator’s latch function to form the reset signal which is sent 
through conductor 67. 

Referring to FIG. 5, there is shown an optical assembly 
80, of the scanner. It is designed to split the incoming 
modulated infrared (IR) energy generated by the laser diode 
41 to form the two IR planes which are generated at a 
nominal 90 Hz rate. In the optical assembly 80, the light 
source comes in from the top and is split into two at the 
pyramid-shaped beam splitter 81 in the middle. The light 
then travels in two concentrated beams 82 and 84. The two 
pyramid faces of the beam splitter 81 that do not face one of 
the lenses 88 or 90 are suitably coated with an opaque 
material to preclude light leakage and maximize light con 
centration on the lenses 88 and 90. Beam 82 illuminates the 
thin rod lens 88 to form the ?rst fan-shaped beam. Beam 84 
illuminates the thin rod lens 90 directly to form the skewed 
fan-shaped beam. The two fan-shaped beams get transmitted 
out toward the receiver assembly when the optical assembly 
is rotated. This arrangement allows all the beam generating 
beam splitter and rods to be in the same plane. 
The modulated IR planes are generated at a 90 Hz rate by 

the transmitter assembly, part of which includes an optical 
scanner generating planes with the following position and 
orientation. The ?rst plane includes the center of the rotating 
cylinder. The second rotating plane is generated with a skew 
orientation of [3 with respect to the rotational axis and 
includes the origin of the coordinate system, which lies on 
the center of the rotating cylinder. 

FIG. 6 shows, schematically, a block diagram of the 
control processor. The control processor 20 includes the 
balance of the receiver signal processing as well as logic 
interface circuitry and voltage regulation for the measure 
ment system. 
The receiver processing circuitry is comprised of three 

cascaded stages; a high gain bandpass ampli?er 91, video 
demodulator 92, and a high speed voltage comparator 93. In 
addition to the processing stages, the receiver circuitry 
contains a low noise DC bias circuit 
The video demodulator 92 recti?es the video/RF burst 

envelope created by the modulated laser beam crossing the 
PIN diode detector. The output waveform of the demodu 
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later 92 represents the positive part of the RF envelope. The 
demodulated signal is then fed through a ?rst order low pass 
?lter which removes the residual 9 MHZ modulation signal. 
The ?nal stage of the receiver processing circuitry is a 

high speed voltage comparator 93 which generates a logic 
compatible signal whose rising and falling edges coincide 
with the rising and falling edges of the video/RF envelope. 
The rising and falling logic transitions are used to determine 
the precise time that the laser beam crosses the center of the 
PIN diode detector, thus allowing the three axis measure 
ment system to meet its positional and angular accuracy 
requirements. The control processor 20 includes signal pro 
oessing means for determining the exact beam intersection 
point by means of timing‘circuitry which determines the 
center time between rising and falling edges of the com 
parator output. The use of “center processing” circuitry 
prevents the signal amplitude variable from affecting the 
accuracy of the time and hence position determination. 

Reference will now be made to FIG. 7 which depicts a 
signal processing ?ow and timing diagram of the PIN diode 
sensor data. The ?rst waveform A, shown at the top of the 
?gure, represents the modulated sensor output as would be 
present at the output of the sensor ampli?er. The waveform 
is at zero volts until time t1, which represents the instant in 
time that a fan-shaped beam ?rst impinges on a sensor. The 
sensor output rises in amplitude as the beam approaches the 
center of the sensor, then decreases to zero volts at time t2, 

_ when the beam falls o? the PIN'diode sensor. 
The second waveform B depicts the demodulated and 

low-pass ?ltered waveform that is applied to a comparator to 
generate a logic compatible signal. Low pass ?ltering is 
employed to remove vestigial traces of the 9 MHz modu 
lation frequency. The dashed line, parallel to and above the 
time axis t, indicates the comparator’s threshold voltage. 
Time tc, indicates the center of the low pass ?ltered 
waveform, coincident with the peak amplitude of the signal. 
The third waveform C is the comparator output, obtained 

from the low pass ?ltered waveform. Times tr and if 
- represent the comparator “trip” points from the rising and 

falling edges respectively, of the low pass ?ltered signal. 
The last two waveforms D and E depicted in FIG. 7 are 

the 9 MHz and 27 MHz system clocks, respectively, used to 
determine the exact center of the laser beam crossing the 
sensor diode. Determination of the precise center point 
permits an exact calculation of the crossing time and hence 
an accurate calculation of the angle that the optical beam 
formed with any particular diode sensor. 
The processing of the signal center calculation is per 

formed by counting clock cycles between the rising edge of 
the comparator output (tr) and the falling edge of the 
comparator output (tf). In the particular signal shown in FIG. 
7, there are four 9 MHz clocks between tr and tc. In instances 
where there are non-integer 9 MHZ clock cycles between tr 
and to, the 27 MHz clock is used to allow ?ner determination 
of time tc. The 9 MHz clock facilitates “coarse” time 
determination, whereas the 27 MHZ clock facilitates “?ne” 
time determination. 

It is signi?cant to note that the system is designed to be 
insensitive to pulse amplitude variation, which would nor 
mally cause potential errors in timing accuracy. The insen 
sitivity to pulse amplitude is achieved by always measuring 
tr and tf, then determining to as the time between tr and tf. 
Since tr and ti will vary as the pulse amplitude, as well as 
rise and fall time of the modulated waveform, it is crucial to 
remove this dependency from timing calculations. 

FIG. 8 shows the geometry of the system. It depicts in 
schematic form a two beam system rotating about a common 
point of origin at a particular point in the scanner rotation. 

10 

25 

35 

45 

50 

55 

65 

8 
The cylinder shown in FIG. 8 represents the scanner 

“drum” or rotor 37 which contains the optical assembly 80, 
which is illuminated by the modulated laser diode, thus 
creating the two fan-shaped beams 1, and 2 which rotate 
about a cormnon point. The ?rst beam includes the center of 
the rotating cylinder and the second beam includes the origin 
of the coordinate system, which is placed on the center of the 
rotating cylinder. 
The receiver assembly is shown here consisting of three 

sensors, S1, S2 and S3, arranged in a triangular arrangement. 
The fourth sensor S4 is placed in a di?erent plane than the 
other three sensors. The fourth sensor is only needed if the 
inherent ambiguities are not solved in an other manner. 

There are two light planes 1 and 2 “?xed” to the motor 
shaft of radius R. 

Plane 1 includes the center of the rotating cylinder. 
Plane 2 crosses plane 1. The crossing angle is Plane 2 

can be depicted if one would place a plane parallel to plane 
1 then twist that plane by the angle [3. 
The reference frame is de?ned in the following way: 
z-axis is the axis of the shaft 
x-axis is a horizontal axis 
y-axis is a vertical axis. 
Angle on is de?ned as an angle of rotation about z-axis. 
During the operation, the shaft turns around and light 

planes 1 and 2 pass the sensors S1, S2, S3 and S4. 
FIGS. 9A, 9B, 9C and 9D show, respectively, front, top, 

rear and perspective views of a receiver assembly with six 
sensors S1, S2, S3, S4, S5 and S6 arranged in a three 
dimensional arrangement in accordance with the teachings 
of the present invention. As shown, the receiver assembly 
100 is generally triangular from above having three apices 
101, 102 and 103 that respectively receive the sensors S1, S2 
and S3. Additionally, as best seen in FIG. 9B, recesses 104, 
105 and 106 are provided with the recess 104 lying between 
the apices 101 and 102, with the recess 105 lying between 
the apices 102 and 103, and with the recess 106 lying 
between the apices 103 and 101. As also best seen in FIG. 
9B, the sensors S4, S5 and S6 lie within the recesses 104, 
105 and 106, respectively. 
The arrangement of the sensors shown in FIGS. 9A-D is 

made so that the receiver assembly always has at least three 
sensors in clear line of sight to the scanning transmitter to 
best facilitate achievement of highest resolution for orien 
tation determination at any orientation angle. 

FIG. 8 shows the receiver sensor assembly scanned by the 
scanning transmitter, when only two fan-shaped beams and 
four sensors are utilized. The four sensors are denoted by 
reference designations S1, S2, S3 and S4, and have spatial 
coordinates (X1, Y1, Z1), (X2, Y2, Z2), (X3, Y3, Z3) and 
(X4, Y4, Z4). Pitch, roll and yaw de?nitions for the sensor 
plane are de?ned in the ?gure. 

FIG. 10 shows the geometry for the de?nition of the angle 
(11 between the X axis and when the orthogonal light plane 
crosses sensor S1. 

FIG. 11 shows the geometry for the detennination inter 
section line between the two light planes, when each light 
plane crosses sensor S1. 

FIG. 8 shows the geometry of the system. The axis of the 
rotating transmitter 11 is aligned with the Z axis. The ?rst 
fanned light beam 1 is orthogonal to the shaft of the motor. 
The second fanned light beam is numbered 2 and is skewed 
in relation to the orthogonal fanned light beam. The angle [5 
is de?ned as the skew angle between the two light planes. 
The receiver assembly consists of four sensors S1, S2, S3 
and S4, placed on one rigid body 19. The sensors have the 
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spatial coordinates (X1, Y1, Z1), (X2, Y2, Z2), (X3, Y3, Z3) 
and (X4, Y4, Z4). Pitch, roll and yaw de?nitions for the 
sensor plane are de?ned in the ?gure. 
The coordinate system is de?ned in FIG. 8. The origin 0 

lies in the middle of the rotary shaft for the transmitter 
scanner. The Z axis is the shaft’s axis of rotation. The Z axis 
lies in the light plane 1. The origin of the coordinate system 
lies in the skewed light plane 2. The angle between the Z 
axis and the skewed light plane is the angle 
The angle otl between the X axis and when the orthogonal 

light plane 1 crosses sensor S1 is ?rst measured by the 
system. The de?nition of the angle is shown in FIG. 10. The 
angle (12 between the X axis and when the skewed light 
plane 2 crosses sensor S1 is then measured. 
The two angles (11 and (1.2 are used to construct the 

geometry shown in FIG. 11. Since the two planes are not 
parallel, they will always intersect. The geometry is used for 
the determination of the intersection line of the two light 
planes when they each cross sensor S1. The image of the 
orthogonal light plane 1 when it crosses sensor S1 is 
numbered 1 in FIG. 11. The dashed lines de?ne the skewed 
plane 2 when it crosses sensor S1. Since each light plane 1 
and 2 includes both the origin 0 and the sensor S1, the 
intersection line is then the line 5 in FIG. 11 determined by 
a line from the origin to sensor S1. 

Since origin 0 lies in both planes 1 and 2, the planes can 
be fully described by the Hessian normal form of the 
equation of the plane when the angles (11 and (1.2 are known. 

Plane 1 is fully described by a1x+b1y+c1z=0 
and Plane 2 is fully described by a2x+b2y+c2z=0 

Where a, b, c are directional cosines in the coordinate 
system. 
The line of intersection mu then be fully described from 

these two equations as having the direction vector: 

The lines of intersections for the three other sensors S2, 
S3 and S4 are determined in a similar fashion. 

If one has three sensors attached to the rigid body, then 
three intersection lines passing through the sensors can be 
found. All the lines pass through the origin 0. The three lines 
intersected in the origin will then form the side edges of a 
pyramid, if they are not coplanar lines. 

If the system utilizes three receivers not on the same line, 
the solution for x, y and z coordinates of each receiver can 
be computed from the known lines of the planes’ intersec 
tion. The algorithm could be the same as the one used in U.S. 
Pat. No. 4,896,962. 
The utilization of only three sensors will cause solution 

ambiguity. The system could operate with only three 
sensors, if the use of the system is restricted to half of the 
hemisphere or other solutions to the inherent ambiguity 
could be used. The utilization of the fourth sensor S4 in the 
present system will avoid any ambiguity in determining the 
correct position of the three sensors S1, S2 and S3. As 
explained above, the algorithm to ?nd the position of the 
three sensors S1, S2 and S3 operates by ?rst reconstructing 
the pyramid de?ned by the intersection of the three lines 
from the triangularly disposed sensors S1, S2 and S3 and 
their point of intersection in the origin of the coordinate 
system on the center of the rotating cylinder. The length of 
each side of the triangle formed by the three sensors S1, S2 
and S3 is predetermined. The next stage of the algorithm is 
to reconstruct the triangle formed by the three sensors S1, S2 
and S3 within the bound of reconstructed pyrarnide. 
However, it is not possible under all circumstances to 
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10 
determine a unique triangle within this pyramid. To avoid 
this ambiguity, the fourth sensor S4 is placed in a plane 
outside of the triangle de?ned by the other three sensors S1, 
S2 and S3. Knowledge of the sensor S4’s coordinates 
relative to the coordinates of the three sensors S1, S2 and S3 
will secure the determination of the correct triangle for the 
three sensors S1, S2 and S3. As should now be understood 
by those skilled in the art, this will secure the correct 
determination of the position coordinates for the three 
sensors S1, S2 and S3 which are used in the determination 
of the sensor assembly 19 position coordinates as described 
below. Thus, the sensor S4 is employed to eliminate any 
ambiguities and precisely verify the positions of the sensors 
S1, S2 and S3. 

After coordinates of all sensors S1, S2 and S3 are 
computed, the receiver’s position can be determined. The 
formula to compute position depends upon how the sensors 
are de?ned in the receiver frame. For the case shown in FIG. 
8, where sensors are in the vertices of an equilateral triangle, 
in the plane XY of the receiver frame, and with the origin in 
a center of the triangle, the formula to compute the receiv 
er’s position is: 

Determination of Orientation Angles 

Reference will now be made to FIG. 12, which depicts the 
receiver sensor assembly located at some arbitrary point in 
space. The sensor assembly is scanned by the scanning 
transmitter as was previously discussed for the single object 
0. The three sensors are denoted by reference designations 
S1, S2 and S3 and have spatial coordinates: (x1, y1, 21), (x2, 
y2, Z2), and (x3, y3, 2.3). These coordinates as well as pitch, 
roll and yaw definitions for the sensor plane are de?ned in 
FIG. 8. 
The system determines the positional information of each 

sensor following the mathematical techniques just dis 
cussed. Pitch, roll and azimuth information, which com 
prises the orientation of the sensor assembly is determined 
through knowledge of the fact that the sensors are situated 
on a ?at plane, as well as knowledge of the position of each 
sensor with respect to all other sensors. 

By way of example, if sensors S1, S2, and S3 all have the 
same x coordinate, then it can be determined that the sensor 
plane is parallel to the Y-Z plane and therefore has a zero 
pitch orientation. In similar fashion, roll and azimuth ori 
entation can be determined. 
Determination of the orientation of the receiver based on the 
computed coordinates of the sensors S1, S2, S3. 
As shown in FIG. 12, vectors V1 and V2 extend from the 

sensor S1 in the directions of sensors S2 and S3, respec 
tively. 
When the receiver frame is aligned with the reference 

frame, vectors are 

T’Fi’lo and 724/20. 
When the receiver frame is rotated, vectors are 

7141,, and V2 =72’. 
The rotation matrix can be determined by using the 

formula: 
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where 

17F“; SFVIPXVZv RFU 1X31 
The calculations above have been made with the ?rst 
fan-shaped beam including the center of the rotating cylin 
der and the second fan-shaped beam including the center of 
the origin which lies on the center of the rotating cylinder. 
It is obvious to anybody skilled in the art that other place 
ments on the rotating cylinder for the two fan-shaped beams 
are possible as long as the second beam is skewed to the ?rst 
beam. 

Accordingly, an invention has been disclosed in terms of 
preferred embodiments thereof which ful?ll each and every 
one of the objects of the present invention as set forth 
hereinabove and provides a new and useful optical 6D 
measurement system with two fan-shaped beams rotating 
around one axis of great novelty and utility. 
Of course, various changes, modi?cations and alterations 

in the teachings of the present invention may be contem 
plated by those skilled in the art without departing from the 
intended spirit and scope thereof. 
As such, it is intended that the present invention only be 

limited by the terms of the appended claims. 
I claim: 
1. A system for determining position and orientation of an 

object, comprising: 
a) transmitter means forv emitting two beams of light 

including a ?rst beam and a second beam skewed with 
respect to said ?rst beam, said beams extending from a 
common point; 

b) drive means for rotating said transmitter means 
whereby said beams rotate as well; 

c) a receiver attachable to an object within a space, said 
receiver carrying at least three sensors spaced in a 
prescribed con?guration; 

d) connection means for connecting said sensors to com 
puter means whereby signals are conveyed to said 
computer means from said sensors indicative of each 
moment at which each respective beam intersects each 
respective sensor; 

c) said computer means being programmed for 
calculating, from said signals, position and orientation 
of said receiver including x, y and z coordinates as well 
as pitch, roll and yaw. 

2. The system of claim 1, wherein said transmitter means 
includes a source of light and a beam splitter aligned with 
said source of light to split light ?'om said source of light into 
said ?rst and second beams. 

3. The system of claim 2, wherein said source of light 
comprises a modulated laser diode and said light comprises 
a laser beam. 

4. The system of claim 2, wherein said beam splitter 
includes a thin rod lens for each beam creating two fan 
shaped beams. 

5. The system of claim 3, wherein said light comprises 
short wave infrared light. 

6. The system of claim 1, wherein said drive means 
includes a motor. 

7. The system of claim 6, wherein said motor comprises 
a brushless DC motor controlled by a phase-locked loop 
servo. 

8. The system of claim 6, wherein said motor is speed 
controlled by motor control means. ' 7 - 

9. The system of claim 8, wherein said motor control 
means provides speed controlling signals to said motor and 
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12 
indicator signals to said computer means indicative of 
rotative position of said transmitter means. 

10. The system of claim 9, wherein said transmitter means 
comprises a scanner. 

11. The system of claim 1 wherein said computer means 
includes signal processing means for processing said 
signals, said signal processing means measuring a rising 
edge tr and falling edge tf of each signal and, therefrom, 
calculating a center time to of each signal representative of 
a time when a respective beam has crossed a center point of 
a respective sensor. 

12. The system of claim 2, said transmitter means further 
including a separate rod for each beam, each rod being 
illuminated by light from said source of light to form each 
fan-shaped beam. 

13. The system of claim 1, said receiver including six 
sensors spaced in a prescribed non-coplanar con?guration. 

14. The system of claim 1, wherein each beam is fan 
shaped 

15. A method for determining position and orientation of 
an object in six degrees of freedom, including the steps of: 

a) attaching a receiver on an object, said receiver having 
three sensors spaced in a prescribed con?guration; 

b) providing a transmitter for transmitting ?rst and second 
beams, said ?rst and second beams being skewed with 
respect to one another and extending from a common 
point; 

c) rotating said transmitter whereby respective said beams 
periodically intersect respective said sensors; 

d) measuring each time a respective beam intersects a 
respective sensor; 

e) calculating position and orientation of said object. 
16. The method of claim 15, said rotating step further 

including the steps of providing a motor and controlling 
rotation of said motor, said controlling step further improv 
ing the step of providing indicator signals, to computer 
means, indicative of rotative position of a shaft of said 
motor. 

17. The method of claim 16, further including the step of 
providing intersection signals to said computer means 
indicative of when each beam intersects a respective sensor. 

18. The method of claim 17, said calculating step includ 
ing said steps of providing indicator signals and intersection 
signals. 

19. A system for determining position and orientation of 
an object, comprising: 

a) transmitter means for emitting two beams of light 
including a ?rst beam and a second beam skewed with 
respect to said ?rst beam, said beams emanating from 
a single light source conveyed through a beam splitter; 

b) drive means for rotating said transmitter means 
whereby said beams rotate as well, said drive means 
comprising a motor having a rotary drive shaft de?ning 
a common axis from which said beams emanate; 

c) a receiver attachable to an object within a space, said 
receiver carrying three sensors spaced in a prescribed 
con?guration; 

d) connection means for connecting said sensors to com 
puter means whereby signals are conveyed to said 
computer means from said sensors indicative of each 
moment at which each respective beam intersects each 
respective sensor; ' ' 

e) said computer means being programmed for 
calculating, from said signals, position and orientation 
of said receiver including x, y and z coordinates as well 
as pitch, roll and yaw. 

* * * * * 


